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The processes controlling halogen (F, Cl, Br, I) abundances in gabbroic ocean crust recovered from the 
809-m deep Hole U1473A drilled on the Atlantis Bank during International Ocean Discovery Program 
(IODP) Expedition 360 were investigated. The aims were to provide new constraints on hydrothermal 
alteration and the abundances of halogens potentially transported to subduction zones in oceanic crust 
produced on a slow spreading ridge.
Halogens in 51 gabbros and felsic veins have concentrations of ∼20-260 ppm F, 15-840 ppm Cl, 44-1230 
ppb Br and 1-2490 ppb I. On average the gabbros retain a melt-derived magmatic F component of 58 
± 26% but are dominated by ∼96% hydrothermal Cl, Br, I and H2O. The abundances of hydrothermal Cl, 
Br and I are consistent with alteration at a seawater/rock ratio of <1. However, hydrothermal F is more 
enriched than expected and some amphiboles have high F/Cl ratios of 10-30 that provide evidence for the 
minor additional involvement of F-rich magmatic fluids. The abundant late-stage felsic veins that transect 
the gabbros and account for 1.5 vol.% of Hole U1473A lithologies are suggested as the most likely source 
of F-rich magmatic fluids.
Downhole variations show F, Cl, Br and H2O are most abundant in amphibole- and clay-rich alteration 
zones at the top of the hole. The highest I concentrations of 1-2.5 ppm delineate an oxidised CO2-rich 
alteration zone in which seawater iodate was incorporated into carbonate and Fe-oxyhydroxide alteration. 
The role of iodate, which is more reactive than other halides, in generating I-rich alteration can be 
distinguished from alteration by I-rich sedimentary pore waters because the oxidised alteration is 
characterised by high I/Cl together with low Br/Cl, whereas organic matter in pore waters is enriched 
in both Br/Cl and I/Cl.
The halogens have inferred compatibilities of F− > IO−3 > OH− > Cl− ≥ Br− ∼ ≥ I− in the investigated 
alteration assemblage. EPMA and SHRIMP analyses indicate amphibole contains 1000-3000 ppm Cl in 
amphibolite facies alteration at the top of the Hole. Amphibole, chlorite and talc in greenschist facies 
alteration have much lower concentrations, typically in the range of 20-800 ppm Cl (median ∼100 ppm 
Cl), and F/Cl ratios of <4. In comparison, low temperature limonite (FeOOH.nH2O) has 160-8500 ppm Cl 
(median ∼840 ppm Cl). Amphibole is the dominant host of Cl and F in amphibolite facies alteration, 
but chlorite and limonite are important at lower grades. The samples have fairly constant Br/Cl ratios 
suggesting that Br excluded from the amphibole lattice is retained in minerals such as chlorite and/or 
non-structural sites. High I concentrations of 10’s of ppm are inferred for some carbonate and limonite. 
Overall amphibole is a less dominant host of halogens than has been suggested previously, which has 
important implications for the eventual release and availability of halogens during subduction zone 
metamorphism.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The alteration of the oceanic crust occurs over a range of tem-
peratures extending from maxima of several hundred degrees in 
newly formed crust to minima of a few degrees in seafloor settings
E-mail address:mark.kendrick@anu.edu.au.https://doi.org/10.1016/j.epsl.2019.02.034
0012-821X/© 2019 The Author(s). Published by Elsevier B.V. This is an open access artic
(http://creativecommons.org/licenses/by-nc-nd/4.0/).(e.g. Vanko and Stakes, 1991; Bach et al., 2001; Alt et al., 2010). 
The largest cumulative effect of alteration is to hydrate and carbon-
ate the oceanic crust as it is transported toward subduction zones. 
However, seafloor alteration also moderates the composition of 
seawater and increases the concentrations of fluid mobile elements 
in the oceanic crust, meaning it is of major importance to the geo-
chemical cycles of many elements (e.g. Bischoff and Dickson, 1975;
Philippot et al., 1998; Bach et al., 2001).le under the CC BY-NC-ND license 
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spectives. Fluorine increases the stability of hydrous minerals (e.g. 
Sajeev et al., 2009). Chlorine is the dominant ligand that enables 
metal transport in hydrothermal fluids, and iodine and bromine 
are strongly biophilic (e.g. Kendrick, 2018). In addition, subduction-
related melts in arc and backarc settings are variably enriched 
in halogens and H2O, providing evidence that slab-derived fluids 
flux the subarc mantle (Straub and Layne, 2003; Sun et al., 2007;
Kendrick et al., 2014), and subduction might also be a significant 
source of halogens in the deeper mantle (Ito et al., 1983; Kendrick 
et al., 2017). However despite their importance, the concentration 
ranges and behaviour of halogens in oceanic crust, and particularly 
the lower gabbroic oceanic crust, are poorly constrained.
Altered ocean crust is enriched in Cl (Ito et al., 1983), and sev-
eral studies have shown that amphiboles formed from high salinity 
fluids during amphibolite facies alteration can locally contain wt.% 
levels of Cl (e.g. Nehlig and Juteau, 1988; Bideau et al., 1991;
Vanko and Stakes, 1991; Kendrick et al., 2015). The difficulty of 
measuring halogens, has however meant that there have been rel-
atively few studies of halogens in the bulk crust (Sano et al., 2008;
Zhang et al., 2017). Furthermore, much of our knowledge about 
crustal halogen abundances is based on a relatively small number 
of samples from widely spaced locations (e.g. Barnes and Cisneros, 
2012; Chavrit et al., 2016). As a result, the range of possible halo-
gen abundances in the crust is poorly defined, limiting our abil-
ity to assess halogen loss during subduction zone metamorphism 
(Philippot et al., 1998; Pagé et al., 2016).
The current study is the first to characterises all four halo-
gens (F, Cl, Br, I), H2O and CO2 in a single representative section 
of oceanic crust combining bulk rock and in situ measurements. 
The aim is to improve understanding of the alteration processes 
that control halogen concentrations and relative abundances at the 
crustal scale. For this purpose samples were selected from the 
809-m deep International Ocean Discovery Program (IODP) Hole 
U1473A on the Atlantis Bank of the SW Indian Ridge. The At-
lantis Bank is a representative example of an oceanic core com-
plex exhumed on a slow spreading ridge (Dick et al., 2000) and 
is one of the few basement areas sampled by a deep drill hole. 
Oceanic gabbros are exposed on the seafloor at Atlantis Bank pro-
viding access to lithologies only formed at depths of >2 km at 
fast spreading centres. Therefore the investigation complements 
the only previous detailed studies of halogens (F, Cl, Br) in a 
long section through the upper and mid-crust recovered from 
Hole U1256D on the superfast East Pacific Rise (Sano et al., 2008;
Zhang et al., 2017).
1.1. Hole U1473A, Atlantis Bank
The Atlantis Bank is an elevated flat topped massif at ∼700 
m water depth on the north-south trending Atlantis II Transform 
of the SW Indian Ridge (Fig. S1). The Atlantis Bank has been 
subject to intense study by dredging, remotely operated vehicles, 
submersible, seabed drilling and four legs of the IODP and Ocean 
Drilling Program (ODP) (Dick et al., 2000, 2017). The 25 km2 sum-
mit of the Atlantis Bank is interpreted as a wave cut platform (Dick 
et al., 2000, 2017). Geological mapping combined with information 
from: ODP Legs 118 (1987) and 176 (1997), which drilled Hole 
735B to 1508-mbsf (Dick et al., 2000); and the engineering Leg 
179 (1998), which drilled Hole 1105A to 158-mbsf; show the bank 
is dominated by gabbros which are predicted to transition into al-
tered mantle lithologies ∼2-2.5 km below the seafloor (Dick et al., 
2017). The Moho at ∼6 km is interpreted as a possible hydration 
front between serpentinised lithosphere and pristine mantle (Dick 
et al., 2017). The new drilling at Site 1473 was designed to test 
this model and the lateral heterogeneity of the Bank with a new 
deep drill hole (Dick et al., 2017).Hole U1473A reached a depth of 790-mbsf during Expedition 
360 and was remediated and slightly deepened to 809-mbsf during 
a subsequent transit (Dick et al., 2017). The recovered lithologies 
share many similarities to Holes U735B and U1105A, but differ 
with respect to the relative abundance of oxide gabbros, the inten-
sity of crystal plastic deformation and the number of carbonate-
veined faults (Dick et al., 2017). The stratigraphy of Hole U1473A 
is dominated by variably altered and deformed olivine gabbros, 
which represent the most primitive cumulates recovered (#Mg 
mostly 66-82). Disseminated oxide gabbros (1-2% oxides) and ox-
ide gabbros (>5% oxides) are more evolved and were probably 
localised by migration of evolved Fe-rich melts through the cumu-
late pile. The sequence is cut by four dolerite dykes and numerous 
felsic veins (diorite to trondhjemite) that account for ∼1.5 vol.% 
of the recovered lithologies and are considered to be the result of 
continued magmatic differentiation (Fig. S1; Dick et al., 2017).
Zircons separated from felsic veins and oxide gabbros recov-
ered from Hole 735B yield U-Pb ages of 12.2-11.9 Ma that reflect 
the emplacement age of Atlantis Bank gabbros (Rioux et al., 2016). 
Thereafter, Ar-Ar biotite ages indicate rapid cooling to <400 ◦C by 
∼11.4 Ma and fission track zircon and apatite ages demonstrate 
slower off axis cooling to ∼100 ◦C by ∼7 Ma (John et al., 2004). 
The Atlantis Bank core complex underwent considerable alteration 
during exhumation. The uppermost part of the Atlantis Bank drill 
Holes are characterised by high grade granulite to amphibole facies 
alteration related to cooling from magmatic temperatures and the 
infiltration of late-stage magmatic fluids and/or seawater (Stakes 
et al., 1991; Vanko and Stakes, 1991; Natland and Dick, 2001; Alt 
and Bach, 2006; Dick et al., 2017). At greater depths the Atlantis 
Bank gabbros are overprinted by lower grade alteration and cut by 
numerous carbonate veins that formed at ∼10-150 ◦C and are re-
lated to later uplift, exhumation and subsidence (Bach et al., 2001;
Alt and Bach, 2006; Dick et al., 2017).
2. Sampling and methods
Fifty-one shipboard geochemistry samples encompassing fresh 
and altered examples of each major lithology were selected. The 
samples were as large as possible (up to ∼40 cm3) to be repre-
sentative of coarse-grained (e.g. 2-20 mm) rocks and the coarsest 
pegmatitic lithologies were avoided. Outside edges were removed 
to obtain internal parts of drill core that had never contacted metal 
surfaces or drilling mud. The samples were ultrasonically washed 
in distilled water for 3 periods of 15 minutes and dried in a fur-
nace at 110 ◦C before milling in a tungsten-carbide mill (Macleod 
et al., 2017).
H2O and CO2 were measured in 50 mg sized aliquots of whole 
rock powder using a Thermo Electron Corporation CHNS analyser 
(Flash EA 1112 Series) on the ship. The reported CO2 concen-
trations represent total carbon (C as well as CO2) and measure-
ments above ∼0.1 wt.% H2O and CO2 had repeatability of ∼5-10% 
(Macleod et al., 2017). Major elements were analysed by XRF in 50 
mg aliquots using a PANalytical Axios Advanced X-Ray spectrome-
ter at the University of Tasmania.
The halogens were analysed at the Australian National Univer-
sity (ANU). SHRIMP was used to measure F in glasses prepared 
by melting 100 mg of sample powder together with 300 mg of 
Li-borate flux (Kendrick et al., 2018). Chlorine, Br and I were mea-
sured in vacuum encapsulated sample powders (5-20 mg) by the 
noble gas method. Concentrations of Cl, Br and I are based on 
the precise measurement of irradiation-produced 39ArK, 38ArCl, 
80KrBr, 128XeI, calculated K/Cl, Br/Cl and I/Cl ratios and inter-
nal standardisation to the XRF K concentrations (Kendrick, 2012;
Kendrick et al., 2013a). These methods have detection limits of 
∼20 ppm for F in whole rocks, sub-ppm for Cl and sub-ppb for 
98 M.A. Kendrick / Earth and Planetary Science Letters 514 (2019) 96–107Fig. 1. Depth profiles (mbsf = metres below seafloor) of volatile abundance and vein frequency: a) H2O in wt.%, b) F in ppm, c) Cl in ppm, d) amphibole and clay mineral 
vein frequency per 10 metre interval, e) total carbon expressed as CO2 in wt.%, f) I in ppm, g) Br in ppm and h) carbonate vein frequency per 10 m interval. Vein frequencies 
were logged by the Shipboard party (Dick et al., 2017). The shaded green band from ∼110 mbsf to ∼580 mbsf corresponds to high frequencies of carbonate veins as well 
as high CO2 and I concentrations. Abbreviation: Dissem.-ox. Gabbro = disseminated oxide gabbro defined as containing 1-2 vol.% oxide minerals. Oxide Gabbro is defined as 
containing >5 vol.% oxide minerals (Dick et al., 2017). (For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)Br and I and precision and accuracy of 2-15% (see Electronic Sup-
plement for details).
Thin sections of whole rocks with variable Cl and I concentra-
tions, and additional samples of characteristic alteration, were in-
vestigated by optical microscopy, SEM, SHRIMP and the JEOL 8530F 
plus electron microprobe at the ANU. Three electron probe micro-
analysis (EPMA) sessions used currents of 10 nA for silicates and 
apatite and 4 nA for carbonate. The beam was defocussed to a 
spot size of 10 μm for apatite and carbonate and 5 μm for sili-
cates. Detection limits were ∼60 ppm Cl and either 400 ppm F 
in Fe-free minerals (session 1; LDE1 crystal) or 150-250 ppm F 
(sessions 2-3; TAP crystal). SHRIMP with a 30 μm spot size has 
ppm-level detection limits for both F and Cl. The SHRIMP data 
were carefully cross calibrated with the EPMA data to check for 
matrix affects and different calibration curves were adopted for i) 
silicates and carbonates, and ii) iron oxyhydroxides (see Electronic 
Supplement). Ten samples were analysed by X-ray Diffraction us-
ing a PANalytical Empyrean diffractometer at the University of New 
South Wales. The data were processed by High Score Plus Software 
and combined with chemical data to estimate modal mineralogy 
(see Electronic Supplement).
3. Results
3.1. Whole rock analyses
Representative whole rock data for halogens, H2O, CO2 and ma-
jor elements in each major lithology are summarised in Table 1
and the full dataset for all 51 samples investigated are given in Ta-
ble S1. The whole rock concentrations range from 0.22 to 8.0 wt.% H2O, <0.05 to 2.7 wt.% CO2, <20 to 262 ppm F, 19 to 840 ppm Cl, 
44 to 1240 ppb Br and 1 to 2490 ppb I (Fig. 1). The volatile concen-
trations are controlled by secondary alteration with modal abun-
dance ranging from <3% to ∼90% (Table S1), and are not strongly 
influenced by the samples igneous classification (Fig. 1), which 
follows previous IODP expeditions: olivine gabbro (>5% olivine), 
gabbro (<5% olivine), disseminated-oxide gabbro (1-2% oxide), ox-
ide gabbro (>5% oxide) and felsic veins (diorite to tronhjemite) 
(see Dick et al., 2017).
The samples with the highest H2O, F, Cl and Br concentrations 
are all from the uppermost part of the Hole, where amphibolite-
and later clay-alteration has the highest abundance (Fig. 1). In 
contrast, the samples with the highest CO2 and I concentrations 
are at depths of between ∼100 and ∼400 mbsf where carbonate 
veins have the highest frequency (Fig. 1). Five out of the 51 sam-
ples investigated have ppm-level iodine concentrations, which are 
more typical of organic-rich sediments than igneous rocks (Price 
and Calvert, 1973; Kendrick, 2018), but are lower than the max-
imum of 44 ppm I reported for serpentinites (John et al., 2011;
Kendrick et al., 2013b).
3.2. Optical microscopy and SEM
The gabbros with the lowest halogen concentrations are domi-
nated by primary minerals (plagioclase, pyroxene and olivine), but 
minor (e.g. <3%) amphibole and other alteration minerals are al-
ways present (e.g. Fig. 2a). In the more strongly altered samples 
(up to 90%; Table S1), olivine is replaced by various secondary 
minerals. In some cases chlorite- and talc-rich coronas transition 
into cores of fine grained iron-oxyhydroxides intergrown with car-
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Representative whole rock chemical data for Hole U1473A lithologies, Atlantis Bank.
Oliv. 
Gabbro
Oliv. 
Gabbro
Oliv. 
Gabbro
Oliv. 
Gabbro
Gabbro Dissem. 
Ox. 
Gabbro
Dissem. 
Ox. 
Gabbro
Oxide 
Gabbro
Felsic 
Vein
Felsic 
Vein
Drill core 
U1473A-
6R1 
98/102
37R3 
114/118
51R4 
11/17
79R5 
70/76
63R1 
108/112
21R1 
96/99
31R2 
117/122
11R4 
75/78
16R6 
130/134
44R1 
10/11
SiO2 50.1 49.0 51.7 51.2 52.1 50.7 50.3 47.7 58.5 76.0
TiO2 0.20 0.37 0.34 0.37 0.35 0.88 0.58 2.88 0.09 0.16
Al2O3 20.3 18.8 18.6 16.9 18.7 16.3 15.3 12.6 25.3 12.9
Fe2O3 7.58 8.46 5.34 5.0 4.54 8.61 9.06 14.4 0.61 0.77
MnO 0.19 0.14 0.10 0.10 0.10 0.16 0.15 0.22 0.01 0.12
MgO 10.9 5.30 7.31 9.11 7.08 5.97 9.59 7.56 0.29 0.85
CaO 9.1 13.9 13.7 14.7 13.8 12.9 12.0 11.4 7.6 4.8
Na2O 1.37 3.58 3.20 2.52 3.22 3.72 2.71 2.83 7.29 3.27
K2O 0.260 0.078 0.056 0.030 0.074 0.128 0.071 0.064 0.146 0.110
P2O5 bd 0.09 0.02 0.01 0.01 0.02 0.02 bd 0.01 n.d.
SrO 0.01 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.04 0.01
Cr2O3 0.18 0.01 0.02 0.10 0.03 0.01 0.02 0.03 bd bd
NiO 0.06 0.01 0.01 0.01 0.01 bd 0.02 bd bd bd
Total 100.2 99.7 100.4 100.0 100.1 99.5 99.9 99.8 99.9 99.0
#Mg 74.0 55.4 73.1 78.3 75.5 57.9 67.7 50.9 48.0 68.6
H2O wt.% 8.0 2.0 0.81 0.27 0.94 1.4 1.2 1.1 0.16 0.43
CO2 wt.% 0.03 1.6 0.27 0.05 0.00 1.1 0.00 0.05 0.00 2.7
F ppm 260 140 110 24 70 78 58 25 <20 48
Cl ppm 840 ± 90 340 ± 30 36 27 ± 4 42 ± 13 155 ± 3 19 ± 3 40.2 ± 0.1 54 160
Br ppb 1450 ± 90 1130 ± 50 110 102.1 ± 0.2 140 ± 50 520 ± 30 53 ± 22 94 ± 16 180 530
I ppb 130 ± 50 1940 ± 140 760 1.8 ± 1.0 190 ± 40 760 ± 80 2.0 ± 0.5 3.0 ± 0.2 6 1600
The full dataset for all 51 samples is available in Table S1 of the Electronic Supplement. Uncertainties given for Cl, Br and I in selected samples are the standard deviations 
of duplicate measurements. bd = below detection.
Fig. 2. Transmitted light photomicrographs of representative lithologies from IODP Hole U1473A. a) A largely unaltered olivine gabbro with brownish amphibole of possible 
magmatic origin. b) Pseudomorphed olivine with a corona of chlorite and talc and a limonite core. Chlorite veins in the outer zone penetrate plagioclase. c) Brown and green 
amphibole replacing clinopyroxene. Chlorite veinlets in plagioclase. d) Veinlets of chlorite and with acicular green amphibole needles growing from the wall and replacing 
clinopyroxene. e) Apatite in a felsic vein with clinopyroxene being replaced by green amphibole. f) Fine grained acicular amphibole rosettes replacing plagioclase, x-polars. 
g) Carbonate veins cutting reddish limonite, plagioclase and partly amphibolitised clinopyroxene, x-polars. h) Carbonate microveinlets in plagioclase, x-polars. i) Reddish 
limonite cut by carbonate veins.
100 M.A. Kendrick / Earth and Planetary Science Letters 514 (2019) 96–107Fig. 3. Backscattered electron images and element maps of characteristic alteration styles from IODP Hole U1473A. a) An olivine pseudomorph in sample 31R1-108 replaced 
by a mesh of serpentine veins, carbonate, quartz and limonite (see Fig. 2b). Cl is hosted predominantly by the serpentine veins and limonite (but note that the highest 
intensity areas correspond with holes in the slide: the glue contain Cl but not F). The pseudomorph has a corona of talc and chlorite with ∼100 ppm Cl. Areas of quartz, 
carbonate and limonite are easily identifiable as high intensity areas in the Si, Ca and Fe maps, respectively. b) A chlorite-green amphibole vein in 24R3-45. The amphibole 
pictured here and Fig. 2d is characterised by high F/Cl. c) Limonite varies from massive in this sample where it has a talc and chlorite alteration halo to highly veined in 
Figs. 3a and d) where the limonite is intimately intergrown with carbonate. Circular SHRIMP spots (diam = 30 μm) inside rectangular raster areas from which the gold coat 
has been removed are visible in parts Figs. 3c and d.bonate (Fig. 2b and 3a), classified here as limonite but termed 
iddingsite in Hole 735B (Bach et al., 2001). Limonite replaces or-
thopyroxene as well as olivine and is commonly associated with 
carbonate and cut by serpentine veinlets (Fig. 3a, d).
Brown amphibole has a coarse grain size in amphibolite facies 
amphibole-plagioclase veins toward the top of the hole and fine 
grained patches of brown amphibole are present as lamellae and 
early alteration of pyroxene in many samples. Brown and green 
amphibole also replace pyroxene (Figs. 2c, e), and fine grained aci-
cular green and colourless amphiboles occur fringing minerals and 
closely associated with chlorite and talc (Fig. 2d, f).
Late carbonate veins transect the rocks and cut the limonite 
(Figs. 2g-i). Clay is a very minor phase in all but one of the samples 
investigated (6R1-98) where kaolinite replaces plagioclase, but clay 
is probably also intermixed with the limonite (Deer et al., 1992), 
which was sometimes logged as red/brown clay during Expedition 
360 (Dick et al., 2017). Abundant accessory minerals including zir-
con, apatite, titanite and monazite are present in the felsic veins 
(Fig. 2e).
3.3. Electron microprobe and SHRIMP F and Cl data
EPMA and SHRIMP F and Cl measurements on secondary min-
erals in 19 samples are summarised here and reported fully in the 
Electronic Supplement. The minimum concentrations measured by SHRIMP were 3-9 ppm F and 5-50 ppm Cl in secondary plagio-
clase (n = 6). In comparison impure secondary pyroxenes (n =
19), which are often cut by micron scale lamellae and amphibole 
replacement, gave concentrations of 4-207 ppm F and 12-231 ppm 
Cl with medians of 30+31−6 ppm Cl and 60
+26
−22 ppm F (Table S2).
Brown hornblende in the amphibole-plagioclase veins at the 
top of the Hole (11R3-13, -118 and 15R2-20) and sample 6R1-98 
have 1000-3000 ppm Cl, <100-540 ppm F with typical F/Cl ra-
tios of <0.5 (Fig. 4c, d) similar to Hole 735B lithologies (Fig. 4; 
Vanko and Stakes, 1991). Epidote in vein 11R3-118 contains ∼400 
ppm Cl (Fig. 4b). At depths of greater than 140-mbsf, brown and 
green replacement amphiboles (hornblende and actinolite) have 
concentrations of 34-800 ppm Cl and 5-300 ppm F, with medi-
ans of 108+46−43 ppm Cl (n = 75), 116+9−32 ppm F (n = 25) and F/Cl 
of 0.5+0.8−0.3 (n = 25) that are considered representative of green-
schist facies alteration (Fig. 4). A distinctive generation of green 
hornblende adjacent to chlorite veins in 24R3-45 (Figs. 2d and 
3b) and brown amphibole lamellae replacing pyroxene in 33R3-92 
have much higher F concentrations of ∼600-3200 ppm F and F/Cl 
ratios of 6-30 (Fig. 4c, d; Tables S2 and S3).
The kaolinite replacing plagioclase (and Cl-rich amphibole) in 
6R1-98 in the upper part of the hole has 170-1350 ppm F and 
600-2600 ppm Cl (Fig. 4). Mg-Fe chlorite (dominantly pycnochlo-
rite) associated with green amphibole has 22-680 ppm Cl, 21-800 
M.A. Kendrick / Earth and Planetary Science Letters 514 (2019) 96–107 101Fig. 4. Mineral concentrations of a) F, b) Cl and c) F/Cl measured by EPMA (large 
symbols) and SHRIMP (small symbols); and d) F and Cl data for amphiboles. Note 
that the EPMA detection limits shown varied between sessions (see methods). Leg-
end is as Fig. 1 except amphibole in parts a, b and c is split into ‘amp (top)’ from 
the upper 140 m of the Hole, which includes amphibole-plagioclase veins (pink) 
and amphibole from below 140 mbsf.
ppm F and F/Cl ratios of 0.5-5, with median values of 112+27−19 ppm 
Cl (n = 72), 122+51−8 ppm F and F/Cl of 2.1 ± 0.9 (n = 33) (Fig. 4). 
However, intermixed chlorite and acicular amphiboles in 24R3-45 
have locally elevated concentrations of 1000-6000 ppm Cl (n = 4). 
Limited talc analyses indicate concentration ranges of <60 to 360 
ppm Cl with a median of 115+92−23 ppm Cl (n = 17); 84-350 ppm F 
and F/Cl of 1.0-3.4 (n = 4; Fig. 4).
The limonite (∼59-66 wt.% FeO ± MnO, ∼0.5-4 wt.% Al2O3, 
∼6-14 wt.% SiO2, ∼0.3-1.1 wt.% P2O5 with totals of ∼80 wt.%) is 
an intimate mixture of poorly crystalline iron-oxides with vari-
able adsorbed water (FeOOH.nH2O), colloidal silica, phosphates 
and clays (Deer et al., 1992). The limonite has extremely variable Fig. 5. Modal mineralogy of I- and Cl-rich gabbros. a) Modal abundance of major 
alteration phases determined via XRD (Electronic Supplement). b) The sample pow-
ders organised in order of increasing red colouration, which is a proxy for limonite. 
c) Relative concentrations of halogens, and d) relative concentrations of H2O and 
CO2. F, Cl and Br have the highest abundance in amphibole rich samples (grey area). 
H2O has a high abundance in the clay-rich sample (6R1-98). CO2 increases with red 
colouration reflecting the close relationship between limonite and carbonate alter-
ation (see Figs. 3a and d). The highest halogen concentration in the 7 low amphibole 
samples (white area) occur in the red-coloured limonite rich samples.
halogen contents of 160-8500 ppm Cl and 200-3900 ppm F, with 
medians of 849+140−74 ppm Cl (n = 90) and 559+230−180 ppm F (n =42) 
(Figs. 4a and 5a), that are similar to what has been reported for Fe-
oxyhydroxides previously (Ito and Anderson, 1983; Seyfried et al., 
1986). Serpentine veinlets transecting the limonite have 500-2000 
ppm Cl, up to 3130 ppm F and F/Cl ratios of 0.7-3.8 (n = 19). 
Carbonate with median concentrations of 200+90−80 ppm Cl (range 
= 39-875; n = 19) and 570+370−180 ppm F (range = 240-1765; n =
11) is present in veinlets and intergrown with the limonite. Cal-
cite dominates, but siderite and dolomite are also present. The 
late calcite veins (Fig. 2g-i) have up to 3.7 wt.% MgO, <60-170 
ppm Cl and 300-1280 ppm F (n = 21). The maximum EPMA and 
SHRIMP F concentrations in carbonate (1200-1800 ppm) are simi-
lar to the maxima of ∼1500 ppm F reported for marine carbonates, 
which typically contain very little Cl (e.g. Opdyke et al., 1993;
Kendrick, 2018).
The apatites in the felsic vein 59R5-102 and disseminated-
oxide gabbro 24R3-45 have concentrations of 1.4-1.9 wt.% F and 
390-3500 ppm Cl (Fig. 4) that are fairly uniform and typical of 
magmatic apatite. The individual minerals analysed have extremely 
variable F/Cl of 0.01 to 47 (Fig. 4). However, the median F/Cl of all 
188 SHRIMP analyses (0.98+0.17−0.34) is indistinguishable from the me-
dian (0.9+0.3−0.2) obtained for whole rocks (Fig. 4). The whole rock 
halogen concentrations depend on both the degree of alteration 
(ranging <3% to 90%; Table S1) and the halogen content of the al-
teration minerals, which is highest in amphibolite facies samples 
at the top of the Hole.
3.4. XRD of chlorine- and iodine-rich gabbros
Modal abundances of major alteration minerals (amphibole, 
chlorite and clay) in ten I- or Cl-rich gabbros obtained from com-
bined XRD spectra and bulk chemistry are summarised in Fig. 5a. 
Trace amounts (e.g. <3%) of talc, carbonate, clay, mica and serpen-
tine were detected in several samples (Electronic Supplement). The 
poorly crystalline nature of limonite (Deer et al., 1992) meant that 
it was difficult to quantify, but a minimum modal abundance of 
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or potentially important mineral phases.3.5% was obtained for 19R1-55 and the samples red colouration, 
suggests a slightly higher abundance in 37R3-114 (Fig. 5b).
The most Cl-rich samples (6R1-98, 840 ppm Cl; 2R1-119, 690 
ppm Cl) contain ∼24% amphibole and 0-8% chlorite, consistent 
with average concentrations of more than ∼2000 ppm Cl in the 
amphibole and chlorite of these samples (Figs. 4 and 5; Table 1). 
Sample 6R1-98 with an unusually high concentration of 8 wt.% 
H2O is the only sample investigated with significant clay replace-
ment of plagioclase (∼37% kaolinite; Fig. 5; Electronic Supple-
ment). The samples red colouration increases with CO2 concentra-
tion to a maximum of 1.6 wt.% CO2 in 37R3-114 (Fig. 5; Table 1), 
which is consistent with the observed close relationship between 
red coloured limonite and carbonate (Fig. 3d). In samples with low 
modal amphibole abundances (white area in Fig. 5), halogens in-
crease systematically with red colouration to maxima of 340 ppm 
Cl and 1.9 ppm I in 37R3-114 (Fig. 5; Table 1), consistent with 
limonite as a major halogen host (Figs. 4 and 5). However, sam-
ple 24R3-45 with negligible limonite has the highest measured I 
concentration of 2.5 ppm (Fig. 5).4. Discussion
4.1. Halogen mineral hosts and relative compatibility
Plots of F, Cl and I against H2O, CO2 and P2O5, can be used to-
gether with the in situ F and Cl, and XRD data to make inferences 
about the dominant mineral hosts of halogens (Fig. 6). Bromine 
is not included in Fig. 6 because it is strongly correlated with Cl 
(Fig. 7), meaning that plots with either Br or Cl yield similar infor-
mation.
The majority of whole rock samples have F/H2O of between 
0.014, equivalent to an amphibole with ∼270 ppm F, and 0.0013 
equivalent to a H2O-rich mineral such as chlorite, limonite or clay 
with ∼200 ppm F (Fig. 6a). Two felsic veins have F/CO2 within 
the range of carbonate (Fig. 6d), but none of the samples have 
F/P2O5 completely within the F-apatite range (Fig. 6g). Apatite is 
estimated to host 55-62% of the total F in the felsic veins and oxide 
gabbro that plot closest to the F-apatite field (Fig. 6g). In contrast, 
apatite is a negligible host of F in P-poor samples and on aver-
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resentative of seawater (SW), pristine MORB glasses (grey field) and typical amphi-
bole Br/Cl ratios are shown for reference (Kendrick et al., 2017, 2015). The arrows 
in part a represent vectors for amphibole alteration. The data indicate Br excluded 
from amphibole is incorporated into other minerals, such as chlorite, talc, limonite 
or fluid inclusions and halogens could have been derived from either seawater or 
magmatic fluids.
age hosts only 10-20% of the total F (Table S1), indicating hydrous 
silicates and limonite as the dominant F hosts.
The majority of whole rocks have Cl/H2O ratios intermediate of 
0.1, equivalent to amphibole with ∼2000 ppm Cl, and a value of 
0.0003, equivalent to a H2O-rich mineral like chlorite or clay with 
∼20 ppm Cl (Fig. 6b). Amphibole is a major Cl host in amphibo-
lite facies rocks where amphibole is abundant and has a high Cl 
content (Fig. 5). The low Br/Cl ratios of samples with >600 ppm Cl 
are explained because Br is preferentially excluded from amphibole 
relative to Cl (Fig. 7a; Kendrick et al., 2015). In contrast, the simi-
lar concentrations of Cl in amphibole and chlorite (Fig. 4) and their 
relative abundances (e.g. Fig. 5) imply that chlorite is an important 
host of halogens in some samples. Furthermore, the narrow range 
of Br/Cl ratios in samples with <600 ppm Cl (Fig. 7a), implies 
that Br excluded from amphibole must be taken up by minerals 
like chlorite or trapped in non-structural sites: halogens trapped 
along grain boundaries or originally present in melt and fluid in-
clusions, which can be abundant in plagioclase and are present in 
most minerals, will be present in our unwashed sample powders. 
Apatite and carbonate, are indicated as minor Cl hosts (e.g. <2% 
of total Cl). Limonite is an important Cl host in low grade samples 
(Figs. 4 and 5).
The strong correlation of I and CO2 in the felsic veins (r2 =
0.995; Fig. 6f) might be explained because seawater iodate can 
substitute for carbonate (iodine is the only halogen that exists in 
an oxidised form in seawater; Claret et al., 2010; Lu et al., 2010). 
If iodine is hosted by the carbonate veinlets observed in the fel-
sic veins, the best fit regression in Fig. 6f implies an average of 
∼26 ppm I in carbonate. This is ten times higher than the ∼2 
ppm incorporated into calcite experimentally (Claret et al., 2010;
Lu et al., 2010), but given that lauterite [Ca(IO3)2] is a known 
phase, high concentrations maybe feasible given the involvement of sufficiently I-rich fluids and/or favourable pressure-temperature 
conditions. The lack of a correlation between CO2 and I in gab-
bros (Fig. 6f), might be explained because I is present in limonite 
as well as carbonate in the gabbros. Limonite formed after olivine 
or pyroxene is a favoured I-host because: i) many of the sam-
ples with strong red colouration are I-rich (Fig. 5), and ii) seafloor 
Mn/Fe oxides contain 100-2500 ppm I (Baturin, 1988). If correct, 
the modal abundance of limonite (<4%) and sample I/H2O ratios 
implies limonite alteration could contain ∼20-40 ppm I (Fig. 6c), 
some of which might be hosted by carbonate or serpentine veinlets 
within the limonite (e.g. Fig. 3a, d). The I concentration inferred for 
most limonite is much lower than reported for seafloor Mn/Fe ox-
ides (100-2500 ppm I; Baturin, 1988), meaning that scarce I-rich 
limonite in 24R3-45 could potentially still account for this samples 
strong I enrichment (cf. Fig. 5). Alternatively, I could be hosted by 
an unidentified mineral phase or unusual fluid inclusions in this 
sample.
The samples F/H2O, Cl/H2O and I/H2O ratios (Fig. 6a, b and c) 
show that compared with seawater, the altered gabbros have 
strong enrichments in F and I relative to H2O, but the majority 
are enriched in H2O relative to Cl (and Br). The samples F/I ra-
tios demonstrates that the altered gabbros are more enriched in F 
than I, but two carbonate-altered felsic veins preserve near seawa-
ter F/I (Fig. 6i). If the halogens were derived mostly from seawater, 
these observations imply relative compatibilities in the alteration 
minerals of F > I > H2O > Cl ≥ Br. The coherent behaviour of 
Cl and Br in the majority of samples implies very similar compati-
bilities during alteration; however, Br is less compatible than Cl in 
amphibole-rich samples (Fig. 7; Kendrick et al., 2015).
4.2. Sources of halogens and amphiboles
Most Atlantis Bank lithologies have Br/Cl within the composi-
tional range of pristine ocean crust and the mantle (Fig. 7; defined 
by MORB glasses; Kendrick et al., 2017) allowing the possibility 
that a significant portion of the halogens could have been derived 
from either late-stage magmatic fluids (with mantle like Br/Cl) or 
remobilised from elsewhere within the oceanic crust (Kendrick, 
2018).
The brown hornblende in the amphibole-plagioclase veins at 
the top of the hole and amphibole replacement in samples 6R1-98 
and 2R1-119 have high Cl concentrations and low F/Cl ratios 
(Figs. 4d and 5) typical of amphiboles grown from high salinity 
seawater-derived fluids. Similar Cl-rich amphibole veins were re-
ported at the top of Hole 735B, where fluid inclusions provide ev-
idence for the passage of variably saline (e.g. 5-25 wt.%) seawater-
derived fluids (Vanko and Stakes, 1991).
The majority of the brown and green replacement amphiboles 
with median Cl concentrations of ∼100 ppm, are characterised by 
low F/Cl ratios of <1 (Fig. 4d) that are typical of greenschist fa-
cies alteration by low salinity seawater-derived fluids (Vanko and 
Stakes, 1991). Small brown amphibole lamellae and replacement 
were difficult to locate with the SHRIMP optics, but the majority 
of alteration lamellae analysed together with secondary pyroxene 
have F/Cl of <1 that are consistent with alteration by seawater-
derived fluids.
In contrast, the presence of F-rich brown amphibole lamellae in 
sample 33R3-92 and F-rich green vein hornblende associated with 
chlorite in 24R3-45 provide evidence for late-stage magmatic fluids 
(Figs. 2d, 3b and 4d). Hydrothermal amphiboles with ∼600-3000 
ppm F and F/Cl of 10-30 are unlikely to form from seawater-
derived hydrothermal fluids with F/Cl of <0.0001 (Kendrick, 2018). 
Instead they provide evidence for the passage of late-stage mag-
matic fluids exsolved from silicic magmas, which can have much 
higher F contents (Webster, 1990). The locally elevated concentra-
tions of 1000-6000 ppm Cl in chlorite-amphibole veins adjacent 
104 M.A. Kendrick / Earth and Planetary Science Letters 514 (2019) 96–107Fig. 8. Halogen abundance ratios and Cl concentrations of Hole U1473A lithologies. a) Br/Cl versus I/Cl plot showing the compositional ranges of seawater, sedimentary pore 
waters, the mantle (based on MORB and OIB glasses; Kendrick et al., 2017), amphibole and high salinity fluid inclusions/brines (Kendrick et al., 2015). Additional references 
are given in Kendrick (2018). b) F/Cl versus I/Cl. c) F/Cl versus Br/Cl. d) Br/Cl versus Cl ppm, e) I/Cl versus Cl ppm and f) F/Cl versus Cl ppm. Seawater-derived iodate is 
incorporated into carbonate, limonite and other minerals during oxidised alteration. The most Cl-rich samples have fractionated Br/Cl ratios characteristic of amphibole.to the F-rich amphibole in 24R3-45, favour high salinity fluids 
demonstrating large fluctuations in the nature of fluids altering 
this sample.
4.3. Alteration fluid oxidation state
The lithologies recovered from Hole U1473A are variably en-
riched in I relative to Br and Cl with the data defining a dis-
tinctive horizontal trend in Fig. 8. The iodine enrichment can 
be explained by the redox sensitivity of I, which exists as io-
date in seawater (Kendrick, 2018), coupled with the high reac-
tivity of iodate compared with other halides (Claret et al., 2010;
Lu et al., 2010). Iodate is readily adsorbed onto various materials 
including clay minerals, organic matter and ferrous/manganese-
oxides (Price and Calvert, 1973; Kendrick, 2018) and it is also 
incorporated into the lattice of carbonate (Claret et al., 2010;
Lu et al., 2010).
The precise analysis of Cl, Br and I enables us to distinguish 
different causes of I-enrichment. Sedimentary pore waters are en-
riched in both Br and I by the regeneration of organic matter 
(Muramatsu et al., 2007) and serpentinites formed by alteration 
with sedimentary pore waters can be recognised by their elevated 
Br/Cl and I/Cl ratios that are similar to sediment pore waters (John 
et al., 2011; Kendrick et al., 2013b). In contrast, high I/Cl together 
with low (or mantle-like) Br/Cl ratios in this study (Fig. 8) appear 
to be a characteristic of alteration by low temperature, oxidised 
(iodate-bearing) fluids.
The lithologies in Hole U1473A record several different styles 
of overprinting alteration related to the passage of multiple fluid pulses through the crust. Seawater was almost certainly the dom-
inant fluid but distinct pulses of magmatic fluid are recorded by 
F-rich amphiboles (Fig. 4d) and variations in the fluids oxida-
tion state and salinity are recorded by the degree of I-enrichment 
(Fig. 1) and amphibole chlorinity (Fig. 4d). The downhole iodine 
concentration data delimit an oxidative alteration zone that over-
laps the interval of maximum carbonate vein intensity (Fig. 1). 
A similar oxidative alteration zone ascribed to the passage of low 
temperature relatively unreacted seawater was recognised in Hole 
735B (Bach et al., 2001).
4.4. Residual porosity and the degree of halogen enrichment
The original concentrations of halogens in the Atlantis Bank 
gabbros can be approximated using estimates of inter-cumulus 
residual melt porosity (e.g. the amount of melt retained between 
cumulate phases) and the residual melt composition (Natland and 
Dick, 2001). The average residual porosity can be estimated from 
the gabbros median P2O5 concentration of 0.015
+0.008
−0.002 wt.%, be-
cause P2O5 is excluded from cumulate minerals and is present in 
accessory phases like apatite that crystallise from residual melts 
(Natland and Dick, 2001). The calculated residual porosity is sen-
sitive to the assumed residual melt composition: an upper limit 
of 11 ± 5% is estimated from melts with 0.14 wt.% P2O5 similar 
to primitive SW Indian Ridge MORB, and a lower limit of 4 ± 2% 
is estimated from evolved melts with 0.4 wt.% P2O5. These ranges 
are similar to estimates for residual porosity in Hole 735B gabbros 
based on Zr (Natland and Dick, 2001).
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Average composition of Atlantis Bank Gabbros, Hole U1473A, and related reservoirs.
F Cl Br I H2O
SWIR MORB 170-220 ppm 14-40 ppm 45-110 ppb 1-3 ppb 0.1-0.3 wt.%
Minimum gabbro ∼20 ppm 15 ppm 44 ppb 1 ppb 0.27 wt.%
Maximum gabbro 260 ppm 840 ppm 1230 ppb 2490 ppb 8.0 wt.%
Altered gabbro (Mean ± SD) 72 ± 57 ppm 150 ± 210 ppm 370 ± 390 ppb 310 ± 630 ppb 1.6 ± 1.4 wt.%
Altered gabbro (Tukey’s Biweight)a 64 ± 13 ppm 97 ± 36 ppm 340 ± 120 ppb 8 ± 3 ppb 1.3 ± 0.3 wt.%
Average magmatic component (calculated) 37 ± 15 ppm 4 ± 2 ppm 11 ± 6 ppb 0.24 ± 0.17 ppb 0.04 ± 0.02 wt.%
Proportion of magmatic component (%) 58 ± 26% 4 ± 3% 3 ± 2% 3 ± 2% 3 ± 1%
Average hydrothermal component 27 ± 20 ppm 93 ± 36 ppm 330 ± 120 ppb 8 ± 3 ppb 1.3 ± 0.3 wt.%
Average enrichment factor 1.7 ± 0.8 24 ± 15 31 ± 20 33 ± 27 34 ± 16
Maximum enrichment factor 7 210 110 10,400 210
Seawater 1.3 ppm 19,000 ppm 66,500 ppb 58 ppb 96.5 wt.%
W/R (mass ratio) 62 ± 46 0.01 ± 0.01 0.01 T± 0.01 0.4 ± 0.2 0.04 ± 0.01
a The Tukey’s Biweight is similar to the median. We use it in our calculations because it better represents typical gabbros with skewed 
(log-normal) trace element distributions than the mean. The Tukey’s Biweight was calculated using the Isoplot program.In contrast with P2O5, F is significantly accommodated by 
some cumulate minerals. At ∼1250 ◦C the F partition coefficients 
Dmineral/melt are probably ∼0.001 for olivine and ∼0.04-0.1 for py-
roxenes and plagioclase (Beyer et al., 2012; Dalou et al., 2012;
Joachim et al., 2015). Assuming a bulk partition coefficient of 
0.03-0.08, primary cumulate phases formed from evolving melts 
with 170-300 ppm F, overlapping SW Indian Ridge MORB, would 
contain 5-24 ppm F. Pairing either our upper limit of residual 
porosity (∼11 ± 5%) with primitive SW Indian MORB contain-
ing 170-220 ppm F (Kendrick et al., 2017), or our lower estimate 
of residual porosity (∼4 ± 2%) with an evolved melt containing 
480-620 ppm F, yields equivalent contributions to bulk rock F con-
centration of 22 ± 11 ppm. Taking the cumulate phases (5-24 ppm 
F) and residual melts together, the Atlantis Bank gabbros are there-
fore estimated to have a median concentration of 37 ± 15 ppm 
melt-derived magmatic F (Table 2).
The concentration of magmatic Cl, Br, I and H2O can be es-
timated in a similar way. Assuming Cl, Br and I have simi-
lar bulk partition coefficients of 0.005-0.01 (Beyer et al., 2012;
Dalou et al., 2012; Joachim et al., 2015) and formed from melts 
similar to SW Indian Ridge MORB with 14-50 ppm Cl (Kendrick et 
al., 2017), cumulate phases would have only 0.1-0.5 ppm Cl. As a 
result, the residual melts dominate the estimated whole rock con-
centrations of 4 ± 2 ppm magmatic Cl, 11 ± 6 ppb magmatic 
Br and 0.24 ± 0.17 ppb magmatic I (Table 2). The residual melts 
would have contained from 0.1-0.3 wt.% H2O if they were similar 
to SW Indian MORB, to ∼0.9 wt.% H2O if they were more evolved, 
suggesting a contribution of 100-300 ppm magmatic H2O to bulk 
rock concentrations. An upper limit of 380 ± 150 ppm magmatic 
H2O is obtained by scaling the concentrations of magmatic H2O 
and F in SW Indian Ridge MORB and the Atlantis Bank Gabbros, 
which implicitly assumes these elements have similar compatibili-
ties (Table 2).
The difference between the concentrations of halogens and H2O 
measured in the altered gabbros and estimated for pristine gabbros 
containing only melt-derived magmatic halogens enables the de-
gree of hydrothermal enrichment to be estimated (Table 2). Given 
that trace element concentrations have skewed (log-normal) dis-
tributions we use the Tukey’s Biweight of measured values, which 
is similar to the median and provides a more representative ‘av-
erage’ for the altered gabbros than the mean. On this basis typical 
alteration-related enrichment factors are estimated as ∼2 for F and 
∼25-35 for Cl, Br, I and H2O (Table 2). This indicates that more 
than ∼96% of the heavy halogens and H2O have been introduced 
by alteration fluids but a melt-derived magmatic component is im-
portant for F (Table 2).
The water/rock mass ratios required to introduce the calcu-
lated concentrations of hydrothermal halogens from seawater are estimated as <0.5 for the heavy halogens and water, which is 
broadly consistent with the generally low water/rock ratios pro-
posed for Atlantis Bank alteration previously (Stakes et al., 1991;
Vanko and Stakes, 1991; Bach et al., 2001). In contrast, the calcu-
lated water/rock ratio of 62 ± 46 for F, shows that the required 
quantity of hydrothermal F cannot be easily derived from seawa-
ter. Together with the presence of F-rich amphiboles (Fig. 4d), this 
is interpreted as evidence for the involvement of F-rich magmatic 
fluids exsolved from late-stage felsic veins.
Hydrothermal fluids from the PACMANUS vent field have F con-
centrations of up to four times seawater that is ascribed to a small 
magmatic contribution (Reeves et al., 2011). The F content of mag-
matic fluids exsolved from evolving melts is variable and poorly 
defined (Webster, 1990); however, if the magmatic fluid had a suf-
ficiently high F/Cl ratio, a very small (e.g. sub % level) contribution 
could explain the F-enrichment of Atlantis Bank gabbros (Table 2). 
A magmatic fluid component in Atlantis Bank alteration is also 
favoured by low δD (c. -60) in some rocks and vein hornblendes 
recovered from Hole 735B (Alt and Bach, 2006).
4.5. Comparison with previous studies and implications
The Atlantis Bank gabbros recovered by Holes U1473A (809-m) 
and 735B (1508-m) have similar concentration ranges of 15-900 
ppm Cl (median ∼100 ppm Cl; Table 1; Barnes and Cisneros, 2012) 
that decrease from maxima associated with amphibolite facies al-
teration in the upper 200-m of the holes to lower values at depth 
(Fig. 1). In contrast, lavas, dykes, and the uppermost gabbros recov-
ered from Hole 1256D (1522-m) in the superfast East Pacific Rise 
have Cl concentrations that are ∼2-4 times higher (e.g. 100-1400 
ppm Cl, median ∼360 ppm Cl) and increase with depth (Sano et 
al., 2008; Zhang et al., 2017).
The differences are explained by a combination of factors re-
lated to the different tectonic settings. Hole 1256D samples a 1.5 
km ‘intact’ section of the East Pacific Rise going through lavas, 
dykes and into the uppermost gabbros (Expedition 309/312 Sci-
entists, 2006). The intense alteration of these lithologies is ex-
plained by proximity to an underlying melt lens that drove vig-
orous hydrothermal circulation, which is common on fast spread-
ing ridges (Expedition 309/312 Scientists, 2006; Sano et al., 2008;
Alt et al., 2010). In contrast, the Atlantis Bank gabbros were ex-
humed in an oceanic core complex on a slow spreading ridge 
(Dick et al., 2000). The thickness (and structure) of crust formed 
on slow and fast spreading ridges is different (Dick et al., 2003). 
The Atlantis Bank gabbros represent lithologies originally formed 
at greater depth equivalents than the uppermost gabbros from 
1256D (Dick et al., 2000, 2017). However, they have been affected 
by greenschist and low temperature alteration related to seawa-
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al., 2001). Therefore the Atlantis Bank gabbros record a range of 
igneous and metamorphic processes typical of ‘lower crust’ and 
overprinting styles of alteration typical of ‘upper crust’ formed on 
a fast spread ridge.
In combination, it appears that Cl concentrations increase with 
depth through greenschist to amphibolite facies over depths of >1.5 
km to a peak of at least ∼1400 ppm in Hole 1256D gabbros, and 
over an unknown depth to a peak of at least ∼900 ppm in Atlantis 
Bank gabbros (Fig. 1; Sano et al., 2008; Barnes and Cisneros, 2012). 
The Cl concentrations then decrease to very low background values 
of 15-50 ppm over a depth of less than ∼500-m in Hole U1473A 
(Fig. 1). However, our data confirm that even in the absence of 
seawater infiltration, the lower crust is locally altered by (Cl and) 
F-rich magmatic fluids derived from crystallising felsic veins. In 
contrast with Cl, the strong I-enrichment of Hole U1473A asso-
ciated with low temperature carbonate-Fe-oxide alteration reaches 
a peak between 100 and 450-mbsf (Fig. 1) and is similar to alter-
ation reported at basement depths of <500-m in intact fast spread 
crust (Alt et al., 2010).
Previous studies have invariably identified amphibole and ap-
atite as dominant halogen hosts in ocean crust (Ito and Anderson, 
1983; Ito et al., 1983; Barnes and Cisneros, 2012; Chavrit et al., 
2016; Zhang et al., 2017). In contrast, the data from Hole U1473A 
show a more complex picture. Apatite is a minor reservoir of F and 
Cl in all but the most evolved felsic veins. The concentrations of Cl 
in amphiboles are similar to previous studies; 10’s to 100’s of ppm 
in greenschist facies alteration and thousands of ppm in amphibo-
lite facies alteration (Nehlig and Juteau, 1988; Bideau et al., 1991;
Vanko and Stakes, 1991). Amphibole is therefore confirmed as a 
major reservoir of halogens in amphibolite facies rocks (Ito et 
al., 1983), which can have low Br/Cl ratios (Figs. 7 and 8). How-
ever, the electron microprobe, SHRIMP, XRD and whole rock data 
(Figs. 4–6) suggest that chlorite and Fe-oxyhydroxide (with asso-
ciated carbonate and serpentine) are important F and Cl hosts at 
lower grades; and limonite and carbonate are probably the domi-
nant I repositories. Abundant clay was present in only one of our 
samples (6R1-98) and may have inherited high F and Cl concen-
trations from the amphibole in this sample (Fig. 4). However, the 
bulk rock data imply that the majority of chlorite or clay prob-
ably has much lower Cl concentrations (Fig. 6c), consistent with 
the low Cl content of clay veins (Magenheim et al., 1995) and 
palagonite alteration (Kendrick, 2018) reported previously. Previous 
studies have suggested clay as a major I-host (Chavrit et al., 2016;
Kendrick, 2018); however, the current data imply a maximum con-
centration of ∼250 ppb I in clay compared with 10’s of ppm in 
limonite and carbonate (Fig. 6c).
Further data for all hydrous minerals in the oceanic crust from 
a range of settings are required to improve constraints on the dis-
tribution of halogens in altered ocean crust. This is critical because 
halogens will be released at different stages of the subduction cy-
cle depending on their mineral or fluid inclusion host. Ito and 
Anderson (1983) regarded iddingsite as a highly soluble ephemeral 
phase that would be unimportant to deep subduction budgets. Fe-
oxyhydroxides do have relatively high solubilities (Seyfried et al., 
1986). However, the Cl rich phase associated with limonite in our 
samples was not removed by preparation of thin sections with 
water. Furthermore, such phases could be highly significant for 
subduction budgets; even if they only retain halogens to moderate 
subduction depths they could contribute halogen-rich fluids with 
high I/Cl to the forearc, which might be trapped in newly formed 
phases and lithologies, including forearc serpentinites that are sta-
ble to much greater depths (Bostock et al., 2002). It might therefore 
be significant that subducted components identified in the major-
ity of back arc basins investigated to date either have Br/Cl and 
I/Cl similar to the mantle, or elevated I/Cl and low Br/Cl ratios (Kendrick et al., 2014), that are more similar to the alteration iden-
tified in this study than sedimentary pore waters characterised by 
elevated Br/Cl and I/Cl ratios (Fig. 8).
5. Summary and conclusions
Atlantis Bank gabbros have strongly variable concentrations of 
halogens and H2O. More than ∼96% of the total Cl, Br, I and H2O in 
the gabbros were introduced by seawater-derived fluids, whereas 
58 ± 26% of the F has a magmatic origin from the melt. The 
concentrations of hydrothermal Cl, Br, I and H2O in the gabbros 
indicate an integrated seawater/rock ratio of <1. In contrast, un-
expectedly high concentrations of hydrothermal F in whole rocks, 
and amphiboles with high F/Cl ratios of >10, require a small con-
tribution of (Cl and) F-rich magmatic fluids to the hydrothermal 
system.
The relative compatibilities of halogens in the investigated al-
teration assemblage (abundant amphibole, chlorite, limonite, car-
bonate, with lesser talc, serpentine and minor clay) is F > I >
H2O > Cl ≥ Br. However, high concentrations of I are characteris-
tic of oxidised alteration (Figs. 1 and 8), so a fuller description of 
relative compatibility is: F− > IO−3 > OH− > Cl− ≥ Br− ∼ ≥ I− .
The Atlantis Bank gabbros contain 2-4 times less halogens 
than lavas, dykes and gabbros recovered from Hole 1256D on the 
East Pacific Rise, which reflects differences in the original rela-
tive depths of the crustal sections investigated and hydrothermal 
processes on slow and fast spreading ridges. In addition to am-
phibole, chlorite and limonite are important Cl and F hosts and 
carbonate and limonite are suggested as major I repositories (e.g. 
concentrations of ∼20-40 ppm I). Further characterisation of halo-
gen mineral hosts in other seafloor settings is required to improve 
our understanding of halogen subduction budgets.
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